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1.0 I N T R O D U C T I O N  

The maneuverability requirements of modern missiles have stimulated 

the renewed interest in basic aerodynamics of bodies of revolution at 

large incidence, particularly for those vehicles which perform slewing 

maneuvers. The maximum incidence for such missiles can reach 180 deg 

(Refs. I and 2). As the incidence increases beyond 20 deg, side force 

and yawing moment begin to develop because of the occurrence of asym- 

metrical vortex pattern in the leeside flow field of the missile. In 

the high subsonic, transonic, and low supersonic flow regime, the magni- 

tude of the side force can sometimes reach as large as 60 percent of the 

normal force at an incidence between 30 to 50 deg (Refs. 3 and 4). It 

has been reported in Refs. 3 and 4 that one way of reducing the side 

force and yawing moment is by increasing the bluntness of the nose. The 

bluntness of the nose also has the effect to delay the onset of asym- 

metrical vortex shedding (Ref. 4). Therefore, for missiles designed for 

large incidence, a blunt nose may be considered as a shape for the 

purpose of increasing lateral stability. 

Unlike the sharp nose bodies of revolution, the flow field about a 

blunt nose body of revolution in the transonic and low supersonic Mach 

number range has not drawn much attention. With the advantage of in- 

creasing lateral stability at large incidence, there is a need to study 

the flow field of a blunt nose body of revolution in detail. A 

hemisphere-cylinder was selected as a model of blunt nose body of revo- 

lution for the experimental investigation in this report. The flow 

field about a hemisphere-cylinder at incidences up to 19 deg is reported. 

In this range of incidence, significant side force and yawing moment are 

not expected; therefore, a symmetrical flow field is assumed. 

In Ref. 5, a theoretical and experimental study of the flow field 

about a hemisphere-cylinder at zero incidence in the transonic and low 

supersonic Mach number range is presented. It was found that at zero 

i~i e ~  the flow field can be satisfactorily predicted by inviscid 
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theory for M > 1.05 while for 0.7 < M < 0.95 the inviscid calculation 

is not satisfactory because of viscous/inviscid interaction with boundary- 

layer separation. In this report, a detailed investigation of the 

viscous/inviscid interaction phenomena is presented for Mach numbers 

from 0.6 to 0.9. Results of laser velocimeter (LV) measurements of the 

velocity field for M = 0.85, which has the strongest viscous/inviscid 

interaction, are also presented and analyzed by using the concept of 

effective body. 

As a first step to understand the separated flow field, experi- 

mental results including shadowgraphs, oil flow pictures showing the 

separation patterns and limiting streamlines, and surface pressure are 

presented and interpreted. Of great interest is the formation of con- 

centrated vortices standing in the leeside forebody and the mechanism 

and condition for their appearance are discussed. Also two separation 

regions, the nose separation bubble and the crossflow separation zone, 

are found to exist simultaneously. By integrating the surface pressure, 

distribution of local normal-force coefficient, the total normal- and 

axial-force coefficients, and the center of pressure were determined and 

are presented for comparison with available data of other investigators 

and a simple theoretical prediction. 

2.0 TEST APPARATUS, EXPERIMENTAL TECHNIQUE, AND TEST CONDITIONS 

2.1 WIND TUNNEL FACILITY 

The experiments described herein were performed in the AEDC Aero- 

dynamic Wind Tunnel (IT). This facility is a continuous flow, nonreturn 

wind tunnel capable of being operated at Mach numbers from 0.2 to 1.5 

utilizing variable nozzle contours above M = 1.1. The test section is 

I ft square and 37.5 in. long with six-percent porous walls in the top 

and bottom and two plexiglass side walls for flow visualization. The 

accuracy of Mach number in the test section is ±0.003. Details of the 

test facility can be found in Ref. 6. 
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2.2 MODEL, SUPPORT SYSTEM, AND PRESSURE MEASUREMENTS 

The model used in the test is a hemisphere-cylinder I in. in diam- 

eter and 10 in. long and is made of stainless steel. Eighteen pressure 

orifices are located along a single plane as shown in Fig. 1. The model 

is sting mounted with a sting diameter of 0.75 in. An adapter is used 

in order to cover the incidence range up to 19 deg and consists of a 

vertical support strut and a sting support yoke. The sting support yoke 

is attached on the vertical support to a sliding strut and a lead screw 

to provide pitch capability. The accuracy of model incidence is esti- 

mated to be ±0.15 deg. The model can be rolled manually every 15 deg by 

lining up pinholes in the sting and the adapter. A system of Scani- 

valves ® was used for pressure measurements with accuracy of &Cp = ±0.01. 

2.3 LASER VELOCIMETER SYSTEM 

The LV used for the present experiment is a two-component, dual- 

scatter, Bragg-cell-type system operating in the on-axis, back-scatter 

collection mode with a 1.5-watt argon ion laser. The system includes an 

opaque tube and confocal lens which allow low noise, on-axis collection 

by isolating stray light from the transmitter section. The system is 

capable of measuring velocity in the range from -500 to 1,600 ft/sec for 

the horizontal component and ±400 ft/sec for the vertical. The probe 

volume can be approximated by a 0.3-mm-diam cylinder, 5 mm long, depending 

on the size of pinhole used. The entire optical system is mounted on a 

three axis transverse mechanism with an accuracy of ±0.001 in. in all 

three directions. 

The scattering sources (or tracer particles) are the natural aerosol 

particles entrained in the flow medium. In order to obtain a sound 

statistical sample, about 1,000 samples were taken in each measurement. 

A data reduction computer program has been designed to obtain both mean 

and mode (peak) values of the sample distribution or histogram. Details 

of the LV system and the data reduction scheme can be found in Ref. 7. 
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2.4 FLOW VISUALIZATION 

Two visualization methods were used in this experiment: shadow- 

graphs and oil flow pictures. The shadowgraph system is an off-axis, 

collimated beam, direct shadowgraph type. An air gap spark is the point 

light source (effective diameter = 0.04 in.) and it provides exposure of 

approximately one micro-second duration. The source is positioned at 

the focus of a 16-in.-diam f/8 parabolic mirror. This mirror reflects 

light from the source in a collimated beam through the wind tunnel test 

section, perpendicular to the flow, and directly on to film (ii x 14 in. 

to cover the field of interest). 

The surface flow pattern is revealed by the technique of injecting 

oil. The pressure tubes from the model were connected into an oil tank, 

which was pressurized and set outside of the wind tunnel as shown in 

Fig. 2. Pressure ports No. I, 3, 5, 8, 10, and 14 (Fig. I) were used 

for oil injection. Black dye was added to the oil and the model was 

sprayed with a light coat of white paint to increase the contrast. 

Grids at intervals of 30 deg in the circumferential direction and every 

I in. in the longitudinal direction are marked on the model surface to 

provide readings of separation lines. Circumferential angles of ~ = 165, 

120, 75, and 30 deg were chosen for oil injection in order to provide a 

comparison of surface flow pattern and separation lines. 

2.5 TEST CONDITIONS 

The outline of the experiments is presented on the following page. 

10 



M 

Re x 10-6/ft 

Pressure 

Shadowgraph 

Oil Flow 

Notes: 

EXPERIMENTAL PLAN 

0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 

4.2 4.5 4.8 5.1 5.2 5.4 5.4 5.3 5.3 

A I A A A A A A A A 

B 2 C 3 B C B C B C B 

Yes Yes Yes Yes Yes Yes Yes Yes Yes 

Yes No Yes No Yes No Yes No Yes 

I. Plan A = 5, 10, 15, and 19 deg; 

2. Plan B: ~ = 0, 30, 60, 75, 90, 105, 135, and 

180 deg; 

3. Plan C: ~ = 0, 90, and 180 deg; and 

= 0 is the leeside plane of symmetry. 
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1.5 

5 .0  

A 

C 

Yes 

No 

3.0 HEMISPHERE-CYLINDER AT ZERO INCIDENCE 

3.1 EFFECT OF COMPRESSIBILITY ON FLOW SEPARATION AND SHOCK SYSTEM 

In Ref. 5, flow separation about a hemisphere-cylinder at zero 

incidence was observed at ~ = 0.8. The effect of compressibility on 

flow separation is presented in this section for M = 0.6 to 0.9 within 

a Reynolds number range from 4.2 to 5.1 x 106 per foot. The variation 

of Reynolds number is negligible in the present experiment. Figure 3 

shows the shadowgraph of flow past the hemisphere-cylinder for M = 0.6 

to 0.9. At M = 0.6, the flow is well attached and no shock appears. 

Between M = 0.7 and 0.85, there is flow separation at the nose, a 

shock system, and reattachement. The most pronounced separation region 

occurs at M = 0.85. At M = 0.9 and above (Ref. 5) flow separation is 

not observed, and a well-defined normal shock appears. Therefore, the 

nose separation bubble occurs for the hemisphere-cylinder at Mach 

numbers between 0.7 and 0.9. 

A comparison of the measured surface pressure with the inviscid 

theory (Refs. 5 and 8) for M = 0.6 to 1.0 is shown in Fig. 4. The 

]! 
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point of separation, reattachment, and the shock location (only the 

major normal shock location is shown for multiple shock cases) as esti- 

mated from an enlarged version of the shadowgraph of Fig. 3 are also 

indicated in Fig. 4. The minimum pressure Cp and the critical pressure 
min 

Cp* (supercritical flow prevails when Cp < Cp*) are plotted as a 
min 

function of Mach number (Fig. 5). At M = 0.6, the comparison between 

theory and experiment is satisfactory and the flow is subsonic every- 

where (CPmin > Cp*) with CPmin occurring ahead of the junction of the 

hemisphere and cylinder. For M > 0.7, supercritical flow prevails. 

From M = 0.7 to 0.85, poor agreement between theory and experiment is 

found in the separated region as expected, while in the region of attached 

flow (downstream) the agreement is still good. For M = 0.9 and above, 

some difference in surface pressure between theory and experiment also 

occurs in the region where the deviation of shock location is found 

(Fig. 4 or Ref. 5). The discrepancy in shock location may be caused by 

the interaction between the boundary layer and the shock (without flow 

separation) which is not treated in the theory. This statement is based 

on the fact that excellent agreement is shown in the same figure for 

M = 1.0 without the presence of the shock on the body. 

The phenomena of the nose separation bubble and the shock system 

can now be explained. The nose separation bubble, as shown in Fig. 3, 

appears to be similar to the shock-induced leading-edge separation 

bubble discussed in great detail for airfoils (Ref. 9). However, there 

are two basic differences between these types of separation in that (I) 

the nose separation bubble presently investigated starts at a point 

where the pressure ahead of separation is continuously decreasing (Fig. 

4) and thus cannot be caused by the boundary-layer separation attrib- 

utable to reversed pressure gradient or normal shock as in the case of 

leading-edge separation bubble of airfoils, and (2) the appearance and 

disappearance of nose separation at M = 0.7 and 0.9, respectively, also 

suggests a basic difference in the mechanism of separation. The mech- 

anism which leads to the separation is argued to be caused by the 

t 
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recompression shock following an overexpansion zone. As shown in Fig. 

5, the theoretical Cp . value for inviscid flow decreases as Mach 
mln 

number increases from 0.6; CPmin is minimum at M= = 0.75 and then increases 

as Mach number further increases. The CPmin for ~ > 0.6 occurs at 

Z/R = I; therefore, the flow at Z/R < I is under rapid expansion and may 

be overexpanded, depending on the Cp o value, to cause recompression 
mln 

shock. Such a recompression shock is indicated in the shadowgraphs of 

Fig. 3 for M = 0.9 without flow separation. When the strength of the 

recompression shock, which is proportional to CPmin , is sufficiently 

large the sudden increase in pressure may initiate a flow separation. 

Once the flow separates, the sudden increase in boundary-layer thickness 

results in a flow which is similar to supersonic flow over a compression 

corner, or the so-called viscous ramp, as discussed in Ref. 9 with the 

difference that downstream of the ~'corner" the surface is curved. 

Therefore, the interaction of separated flow over a compression corner 

can describe the flow. From the above argument, a relation can be 

reached between the flow separation and the CPmin calculated from inviscid 

theory. A critical Cp , or Cp is defined such that when CPmin < CPmin ' 
min min,c c 

a nose separation bubble is to be expected. The value of Cp for the 
min,c 

hemisphere-cylinder is estimated to be approximately -1.20 as shown in 

Fig. 5. The CPmin,c value may be different for different nose configura- 

tions and must be determined empirically. Therefore, it may be interpreted 

that for M= _< 0.6 or M= _> 0.9, the CPmin value is not low enough to 

initiate a flow separation. 

The shock system as observed in Fig. 3 can generally be described 

by a lambda shape shock located immediately at the starting point of 

nose separation bubble and two normal shocks (the major and the minor, 

see Fig. 3 for M = 0.8 and 0.85 for example). The appearance of the 

lambda shape shock with a forward limb and a very weak rear limb is a 

direct result of the nose separation bubble. Two interesting points can 

be made since the reattachment of the bubble occurs only after the 

appearance of the normal shocks. First, the flow in the downstream 
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vicinity of the lambda shape shock is supersonic; therefore, a rapid 

reattachment is not possible and the bubble height is increasing (see 

discussion of Ref. 9, pp. 1197-1199). Second, the argument of Ref. 9 

that the reattachment of the bubble over a curved surface can only be 

reached in the region where subsonic flow is reestablished holds also in 

the present investigation. Further illustration of the above discussion 

may be found in the following section. 

3.2 ANALYSIS OF VISCOUS/INVISCID INTERACTION AT M= = 0.85 

As shown in Fig. 3, a strong viscous/inviscid interaction is found 

for M = 0.85. The questions of interest are (I) what is the size of 

the nose separation bubble, (2) is the mutlitple normal shock in the 

shadowgraph real, and (3) how much is the external inviscid flow field 

influenced by the flow separation? To answer these questions, a velocity 

measurement using the LV and a theoretical analysis using the concept of 

effective body are presented in this section. The velocity measurement 

using the LV for this type of flow is unique because the flow field is 

very sensitive to disturbance of any material probe. However, the LV 

system measures the velocity of the tracer particles entrained in the 

flow medium rather than the gas velocity itself. In general, there is a 

difference between the particle velocity and the gas velocity, so-called 

"particle lag." The particle lag in the AEDC Aerodyanamic Wind Tunnel 

(IT) has been analyzed* and is applied herein to the theoretical flow 

field computed for the effective body in order to compare with the LV data. 

3.2.1 The Velocity Distribution 

The measured U and V components (mean value from LV samplings) for 

flow about the hemisphere-cyllnder at M = 0.85 are shown in Fig. 6 

along the stagnation streamline Y/R = 0 and along the radial direction 

at various stations Z/R from -I to 6.0. Also shown in Fig. 6 in the 

solid line is the results of the inviscid theory for the hemisphere- 

cylinder. The agreement between theory and experiment is fairly good 

* Unpublished data from work conducted by T. Hsieh, PWT, AEDC. 
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for the region Z/R < 0.4, where the flow field is considered to be free 

from viscous effects. (Note: The agreement between theory and experi- 

ment is excellent when the particle lag is taken into account as deter- 

mined by Hsieh or by the dash-and-dot curve in Fig. 6 as will be 

discussed later in Sect. 3.2.2). The interaction region with flow 

separation previously observed in the shadowgraph extends from Z/R = 0.7 

to 3.0 approximately. It can be seen that the velocity predicted by 

inviscid theory differs significantly from the experiment in this region 

also. For Z/R ~ 3.0, a thick boundary layer is indicated by experi- 

mental results. 

LV measurements inside the separation bubble were not satisfactory 

because of the type of nose or leading-edge separation encountered. As 

shown in Fig. 7, the majority of tracer particles in the separated 

region do not follow the gas. Tracer particles with inertia may pene- 

trate through the separated region. Only particles sufficiently small 

in size would follow the streamlines and not enter the separated region 

(a reduction of data rate in the separated region was distinctly indi- 

cated). Some of the small particles may enter the separated region at 

the reattachment location E, and these trapped particles can follow the 

gas even in the separated region. The evidence is that in the LV samples 

obtained in the separated region show simultaneous positive (about 600 

ft/sec) and negative (as large as -350 ft/sec) velocities with about 15 

percent or less in total samples for the latter. Such sampled results 

confirm that the flow is indeed separated (otherwise no negative velocity 

samples can possibly be detected), but the local velocity cannot be very 
t 

well represented because of the large number of particles penetrating 

the bubble by inertia as shown in Fig. 7. Hence, no data in the sepa- 

rated region are presented. 

3.2.2 Effective Body 

An exact analysis of the interaction region requires solution to 
\ 

the viscous equatmons. However, a simple analysis for the external 

inviscid flow only and the approximate size of the separated region may 

be accomplished by using the concept of effective body. 
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An effective body is defined to be a body that will give the 

measured surface pressure of the hemisphere-cylinder. To do this, the 

computer program used in obtaining inviscid flow field for pressure 

curves as shown in Fig. 4 was modified for the purpose of constructing 

the effective body. The scheme used is one of trial and error. The 

body shape was gradually adjusted to obtain the required surface pres- 

sure distribution. In the course of the trial-and-error process, it was 

found that specifying the body curvature and integrating for the body 

shape would speed up the convergence of surface pressure. The resulting 

effective body is shown in Fig. 8. A satisfactory comparison of the 

computed surface pressure for the effective body with the experimental 

data is shown in Fig. 9. A plot of curvature distribution for the 

effective body is included in Fig. 9. Also shown in Figs. 8 and 9 are 

the inviscid results for the hemisphere-cylinder (dash curve) for com- 

parison. To determine the precise shape of separated region from the 

shadowgraph is difficult, but an approximate estimation can be made as 

shown in Fig. 8 and is seen to be comparable to the shape of computed 

effective body in the fore portion. 

It is interesting to point out that a decrease in the thickness of 

the profile from distance Z/R > 2.0 for the effective body (Fig. 8) is 

necessary in order to match the experimental pressure data at Z/R = 2.0 

(Fig. 9). This also confirms the bubble type separation. The choice of 

Z/R = 2.7 for the end of curved body (Fig. 8) was made to match the 

experimental pressure data at Z/R = 3.0 (Fig. 9), which also agrees with 

the pressure curve for the hemisphere-cylinder. Downstream of Z/R = 2.7, 

the body is approximated by a cylinder 11 percent larger in radius to 

simulate the thick boundary-layer development after flow reattachment. 

This approximation is justified since the pressure for Z/R ~ 2.7 is very 

near the free-stream pressure and is not important to the present study. 

In Fig. 9, the appearance of an expansion followed by a compression 

resulting in a hump in the surface pressure curve after the shock is 

theoretically sound (Ref. 10). 
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A plot of the Mach number and pressure distribution in the external 

field for the effective body is shown in Fig. 10. The corresponding 

shock locations for the lambda shape shock and the major and minor 

normal shocks, as seen from the shadowgraph, are also plotted in Fig. 10. 

It is interesting to note that there are two supersonic pockets given by 

the effective body corresponding to the major and minor normal shocks, 

respectively, as observed. The exact location of the shocks are gener- 

ally not given by the theory because of the lack of a shock-fitting 

scheme in the numerical computation. (In Ref. 5, however, the shock 

location is represented by the sonic location for the hemisphere-cylinder 

with a single normal shock, and the predicted shock location is found to 

be slightly ahead of the experimentally observed one.) The significance 

of the appearance of the second supersonic pocket is that the observed 

minor shock is physically possible. This is considered to be a fruitful 

result of using the effective body to analyze the flow field. The 

location for the lambda shape shock is inside the first supersonic 

pocket as is consistent with the nature of an oblique shock as discussed 

in Section 3.0. The plot of pressure distribution in Fig. 10 does not 

show any pressure discontinuity across any of the shocks (particularly 

the lambda shape shock and the minor shock). This is attributed to the 

lack of a shock fitting in the theory. 

Now, a comparison can be made between the velocity field as pre- 

dicted by the effective body and the experiments. The comparison is 

also shown in Fig. 6 by the dash curve. In the regions Z/R < 0.4 and 

Z/R ~ 3.0, no significant change is shown between the results for the 

effective body (dash curve) and that for the hemisphere-cylinder (solid 

curve); this indicates that the influence of flow separation has a 

negligible effect on the velocity distribution in these two regions. In 

the interaction region, 0.8 ~ Z/R ~ 2.0, however, the dash curve at all 

stations shown does more correctly match the experimental data. In 

addition, in order to account for the particle lag, an effective particle 

with radius of 2 ~m and density of 0.8 gr/cc was used to compute 
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for the particle velocity components U and V in the external flow 
P P 

field associated with the effective body and results are also plotted in 

Fig. 5 by the chain (dash and dot) curve. The surprisingly good agree- 

ment between the chain curve and the experimental data for stations at 

Z/R ! 0.8 definitely indicates that the flow field is well represented by 

the effective body for Z/R ! 0.8. For the station at Z/R = 1.2, it is 

interesting to notice that the U component does not agree satisfactorily 
P 

with the data, but the comparison for the V component is surprisingly 
P 

good. Such a result can be reasoned by the fact that the shock system 

in the flow field under investigation is not very well computed by the 

theory as discussed in the last paragraph and these shocks generally 

have negligible influence on the V component of the gas velocity. In 

the interaction zone (1.2 ! Z/R ! 2.0), the U component predicted by the 

theory is slightly large. The lambda shock starts at about Z/R = 0.7, 

hence for region Z/R < 0.8 the U V are not yet affected by the shocks -- p, p 

and good comparisons are expected. 

4.0 HEMISPHERE-CYLINDER AT INCIDENCE FROM 5 TO 19 DEG 

The results of experimental investigation of flow field about a 

hemisphere-cylinder at incidence from 5 to 19 deg in the Mach number 

range from 0.6 to 1.5 are described in this section. 

4.1 FLOW VISUALIZATION BY SHADOWGRAPHS 

Figure 11 shows the shadowgraphs of the hemisphere-cylinder at 

incidence for Mach numbers from 0.6 to 1.5. For M= ~ 1.1, the shock 

standoff distance and shock shape in the plane of symmetry can be ob- 

tained from the shadowgraphs. A plot of the shock standoff distance at 

both the body axis and the wind axis is shown in Fig. 12. It is seen 

that for M > 1.2 the shock standoff distance in the wind axis is 

approximately constant for a given Mach number over the range of inci- 

dence under investigation. In addition, the shock shapes for ~ = 0 to 

19 deg at M = 1.2 and 1.5 are shown in Fig. 13 by the solid lines. 
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Also, in Fig. 13 the shock shapes for ~ > 0 given by rotating the shock 

shape obtained at ~ = 0 by angle of attack are shown by dash lines. It 

is seen that the solid line and dash line coincide very well for the 

case of M = 1.5 and only differ slightly for M = 1.2. Therefore, the 

flow field in the nose portion for ~ = 0 can be used to approximate the 

flow field in the nose portion for ~ > 0 by rotating the entire flow 

with angle of attack as successfully treated in Ref. 11. It should be 

pointed out that the flow in the nose region does not separate until 15 to 

19 deg for 1.1 !~ ! 1.5 as shown by the shadowgraphs, hence the approxi- 

mation by rotation is useful for inviscid computation as in Ref. 11. 

For M ! 1.0, the following points of interest are noticed: (I) as 

incidence increases the normal shock as observed at zero incidence 

gradually diminishes on the windside for a given Mach number; in the 

leeside, the flow separates with a thick separation layer and the normal 

shock breaks up into multiple shocks or disappears; and (2) at M = 0.8, 

the separation is the most serious of the cases studied. Flow separa- 

tion even shows in the windside and persists until ~ = 19 deg. Hence, 

at M = 0.8, a ring shape of separated flow prevails on the forebody for 

< 15 deg. 

4.2 SEPARATION CHARACTERISTICS 

Surface flow patterns of the hemisphere-cylinder at incidence are 

revealed by oil flow pictures as shown in Figs. 14a and b. Figure 14a 

shows the different features of separation and Fig. 14b shows various 

cases. Important characteristics about the separated flow can be observed 

from the pictures in conjunction with the shadowgraphs (Fig. 11) as 

described below. 

4.2.1 Regions of Separation I and II 

As sketched in Fig. 15, the region of separation I is identified as 

the crossflow separation zone caused by the crossflow pressure gradient, 

a direct consequence of incidence. As a result, a pair of leeside 
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vortex sheets appear which is well known. The region of separation II 

is identified as the leeside nose separation bubble caused by the merid- 

ional pressure gradient (similar nose separation also occurs at ~ = 0), 

a consequence of both the bluntness of the nose and the incidence. In 

Ref. 12, the separation patterns of elongated body of revolution at 

incidence are discussed in great detail. A simultaneous appearance of 

both separation regions I and II as described herein was not mentioned 

in Ref. 12 and hence adds a new separation phenomenon for blunt nose 

body at incidence. A sketch of the limiting streamlines in the plane of 

symmetry for the nose separation bubble and in the crossflow plane for 

the crossflow separation zone is shown in Figs. 15b and c, respectively. 

For the nose separation bubble, the bubble-type separation concept 

of Maskell (Ref. 13) describes the flow well. A figure of Maskell's 

bubble-type separation as described in Fig. 14a of Ref. 12 is reproduced 

as shown in Fig. 15d. It is noted that inside the bubble a circumfer- 

ential velocity gradient can develop on the body surface near the sepa- 

ration line II and causes the limiting streamline to curve in a counter- 

clockwise direction (note: discussion is made only for flow on the left 

side of the plane of symmetry facing upstream) toward the separation 

line. A reattachment of the nose separation bubble to the body has been 

shown for the zero incidence case (see Section 3.2). At low incidence, 

the bubble size is small and a closed bubble can also be formed with a 

reattachment zone. As the incidence increases, the bubble size grows by 

extending downstream. When the bubble size becomes sufficiently large, 

the flow may not reattach and the bubble becomes open as shown in Fig. 15a. 

The open-type separation line as described in Ref. 12 with limiting 

streamlines penetrating from the windside into the leeside separation 

region I as sketched in Fig. 15e is clearly shown by the oil flow picture 

of Fig. 14a and also other cases in Fig. 14b for M > 1.2 at ~ = 19 

deg. 
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4.2.2 Appearance of a Concentrated Vortex 

As shown in Fig. 14, a circulatory flow pattern appears on the 

cylinder surface near the nose for ~ = 15 deg, M = 1.0 and ~ = 19 deg, 

M > 0.8. This is identified as a standing concentrated vortex Such a 

vortex on the leeside front surface has also been reported by Werle 

(Ref. 14). However, little understanding of such a vortex has been 

advanced since then and its real existence has even been questioned. 

With the pictures in Fig. 14, a reasonable explanation of the mechanism 

and condition for the formation of such a vortex can be made (Ref. 15). 

For the hemisphere-cylinder at ~ = O, a separation bubble may or 

may not appear, depending on the free-stream Mach number (see Section 

3.0). When there is a separation bubble at ~ = 0 (M = 0.7 to 0.9), the 

limiting streamlines are shown in Fig. 16a. At low incidence, Fig. 16b, 

the region of separation I is formed far downstream while the region of 

separation II also starts to develop with the size of separation bubble 

depending on Mach number and angle of attack. For M < I, the nose 

separation occurs at a lower incidence than for M > I, where no nose 

separation occurs until ~ ~ 15 deg. For Mach numbers from 0.7 to 0.9, 

the nose separation occurs at ~ = 0, then its shape changes as the 

incidence increases; that is, the bubble in the windside gradually 

disappears while that on the leeside grows. In this stage, regions of 

separation I and II are far apart and their interaction is negligible 

and the nose separation bubble is closed. At moderate incidence (for 

constant Mach number), the nose separation bubble grows and becomes 

open; meanwhile, the open-type separation line I moves forward. The 

situation is sketched in Fig. 16c. Since surface flow in the region of 

separation II near the plane of symmetry must flow upstream while that 

near the limiting streamlines AA (Fig. 16c) must flow downstream, a 

condition is provided for the reversal of surface flow in both merid- 

ional and circumferential components. Therefore, a concentrated vortex 

is formed as shown in Fig. 16c. The concentrated vortex can be iden- 

tified in Fig. 14b for the cases of ~ = 15, M = 1.0 and ~ = 19, M > 0.8 
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At high incidence, which is beyond the experimental range reported 

herein, it is believed that separation lines I and II will join together 

and separation regions I and II will merge to form a closed-type separation 

as sketched in Fig. 16d. Then, the concentrated vortex will disappear. 

A three-dimensional sketch of the flow field with the presence of the 

concentrated vortex tubes is given in Fig. 16e. It is seen that the 

axis of the concentrated vortex is first perpendicular to the body 

surface and is convected downstream above the body. 

4.2.3 Secondary Separation 

Also shown in the oil flow pictures of Fig. 14 is the existence of 

a secondary separation line III as sketched in Fig. 17a. The appearance 

of secondary separation has been reported, Ref. 16 for example. A 

sketch of the flow in the crossflow plane is shown in Fig. 17b, where S I 

and S 2 indicate the primary and secondary separation points, respectively, 

and VI, V2, and V 3 represent a possible appearance of vortices. It is 

noted that the region in between the primary and secondary separation 

lines seems to retain less oil than the other part of the surface. This 

may be interpreted to mean that the surface shear caused by the vortices 

is stronger in the region between separation lines I and III. The 

separation angles for the primary and secondary separation (read from 

the oil flow pictures) along the body axis are shown in Fig. 18. It is 

seen that the primary separation angle varies significantly as the Mach 

number increases at higher incidence, whereas the secondary separation 

angles are not very sensitive to the changes in Mach number and angle of 

attack. 

4.3 DIFFICULTIES OF LASER VELOCIMETER MEASUREMENTS IN LEESIDE FLOW 

An attempt was made to measure the leeside velocity field using the 

LV for M = 0.6 and 1.2 at station X/R = 14, where the leeside vortices 

in the crossflow plane should be well developed. However, the results 

were not satisfactory for the following reasons: 
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I. The probe volume of the LV system is too long relative to the 

size of vortex to be measured or relative to the model size 

used in the experiment. A sketch of the relative size of the 

model, the vortices, and the length of the LV probe volume is 

shown in Fig. 19a (note: the diameter of the probe volume is 

exaggerated in Fig. 17a). Therefore, with the large velocity 

gradient involved in the vortex region, the measured velocity 

is in error. 

. The tracer particles in the vortex region can hardly catch up 

with the real gas velocity because of the large velocity gradient 

involved. 

. At M= = 1.2, as the laser beam passed through the vortex field, 

the beam was broken up, because of the lack of tracer particles 

in the regions where the vortex cores were located. A sketch 

of the situation is shown in Fig. 19b. It should be noted that 

the brightness of the beam is proportional to the number density 

of the tracer particle. The vortex rotating speed is so large 

that in the dark region all the tracer particles are thrown out 

by centrifugal force. This finding is consistent with the 

results of oil pictures which indicate that a strong vortex 

region exists between the separation lines I and III (Fig. 16). 

4.4 SURFACE PRESSURE DISTRIBUTION 

Surface pressure data are obtained for the cases shown in Section 

2.5. The measured pressure distributions are given in Appendix A. 

For M= ~ 1.2 and ~ ! 15 deg, the flow in the fore portion of the 

hemisphere-cylinder is not separated and inviscid calculation has been 

performed for M = 1.2 and 1.5 as given in Ref. 11. An improvement of 

Ref. 11 (for M= = 1.2 only) has been made after the publication of 

Ref. 11 and a new case of M = 1.4 has also been calculated. A modifi- 

cation of the three-dimensional method of characteristics computer 
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program was made in the surface pressure iteration subroutine, to obtain 

results further downstream on the body, to the locaton where crossflow 

separation is known to occur. 

A comparison of the calculated and measured surface pressure is 

shown in Figs. 20 and 21 for M = 1.2 and 1.4, respectively. Two comments 

can be made as follows: 

I. 

. 

As shown in Figs. 20a and 21a and b, the surface pressure in 

the le~side (~ = 0) and the windside (~ = 180 deg) of the 

plane of symmetry as predicted by the inviscid theory differs 

from the general thinking that the two curves (solid and dash) 

should gradually approach each other toward the downstream end 

of the body. Instead, the two curves are observed to first 

cross over and then approach each other gradually. The cross-over 

character prevails for all cases computed. It is interesting 

to note that the cross-over character is also presented in the 

experimental data at M = 1.2 and 1.4 for ~ = 5 deg and for e = 10 

deg to a less degree. Since for ~ = 5 deg crossflow separation 

occurs at far downstream end, the flow over the body fore 

portion is essentially inviscid. Therefore, the theoretically 

predicted cross-over chacacter is indeed sound. As the inci- 

dence increases and the separation line I (Fig. 16) moves 

upstream, the cross-over character in the real flow is lost 

because of viscosity as shown by the experimental data. 

In the low supersonic flow regime, the inviscid calculation 

for the hemisphere-cylinder is good for incidence up to 15 deg 

and from the nose down to the location where leeside crossflow 

separation occurs as shown in Figs. 20 and 21. 
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4.5 AERODYNAMIC COEFFICIENTS 

The aerodynamic coefficients of the normal force, the pitching 

moment, and the centez of pressure may be obtained by integrating the 

surface pressure. The method of integration is given in Appendix B. 

The normal-force distribution over the body length is shown in Fig. 22. 

A dip in the normal-force coefficient around Z/R = I, the junction of 

the hemisphere and cylinder, is found at high incidence for all Mach 

numbers shown and is most pronounced at M= = 0.8. The dip is caused by 

the separation of flow at the forebody (region of separation II, Fig. 

15) and therefore significant lift is lost. Also shown in Fig. 22 is 

the normal force obtained by the method of crossflow drag coefficient of 

Ref. I which is briefly discussed in Appendix C along with other avail- 

able methods. It is seen that the agreement between the experimental 

data and the prediction method of Ref. I is only approximately correct 

far downstream from the nose. 

The integrated total normal-force coefficient, axial-force coeffi- 

cients, and center of pressure from the present experiments are shown in 

Fig. 23. The data of Ref. 17 (fineness ratio 9) and Ref. 18 (fineness 

ratio 10), both using balances for force and moment measurements, are 

also presented in Fig. 23 for comparison. The comparison for C N among 

the data is satisfactory. Data for M = 0.6 do not show significant 

difference from the incompressible case of Ref. 18. The crossflow model 

of Ref. I overpredicts C N for ~ > 5 deg and does not show Mach number 

effects as pronounced as the experimental data. The comparison of C A 

shows some difference between the present data and the referenced 

experiments. This is expected because the present data do not include 

surface frictional drag. (Note: If a frictional resistance coefficient 

Cf = 0.00025 is assumed, the surface frictional drag in the present 

experiment is estimated to be about 0.1 which is about the magnitude of 

difference in C A between the solid and open data in Fig. 23.) The- 

oretical values of C A at ~ = 0 are obtained from inviscid calculation 

(Ref. 5) and are seen to agree very well with the present experimental 
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data for M ~ 1.2. The cos ~ variation of axial force as given by the 

crossflow drag model (Ref. I) is fairly good in the incidence range 

under investigation. The comparison of center of pressure (Z/R) 
c.p. 

from the nosetip in Fig. 23 shows that present data locate the center of 

pressure about I radius downstream compared to Ref. 17. This is because 

of difference in fineness ratio as expected. Present data for (Z/R)c.p" 

at M = 0.6 agree well with the incompressible data of Ref. 18 for 

~ 10 deg. As ~ ÷ 0, the crossflow model appears to give a wrong trend 

of the predicted center of pressure. 

5.0 C O N C L U S I O N S  

5.1 HEMISPHERE-CYLINDER AT ZERO INCIDENCE 

I. A nose separation bubble is found to exist on the fore portion 

of the hemisphere-cylinder in the Mach number range from 0.7 

to 0.9. The basic differences between the nose separation 

bubble and the leading-edge separation bubble of airfoils are 

discussed. The viscous/inviscid interaction is found to be 

most strong at M = 0.85. 

. A multiple shock system is observed as a result of flow 

separation. The shock system consists of a lambda shape shock 

and major and minor normal shocks. 

. At M = 0.85, an analysis using the concept of effective body 

can verify the flow field as observed from the shadowgraphs 

for the following interesting points: (a) the approximate size 

of the bubble, (b) two supersonic pockets corresponding to the 

major and minor normal shocks, and (c) the influence on the 

external velocity field as a result of the viscous/inviscid 

interaction. 
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For the engineering application of a hemisphere-cylinder as a probe 

or sensing device, the separation effects as described herein must be 

taken into consideration. 

5.2 HEMISPHERE-CYLINDER AT INCIDENCE UP TO 19 DEG 

I. For M ~ 1.2, it is shown that the flow field on the hemisphere 

portion of a hemisphere-cylinder at incidence may be approxi- 

mated by rotating the zero incidence flow field by the amount 

of incidence. 

. For M ~ 1.2, inviscid computation for the surface pressure of 

a hemisphere-cylinder at incidence by the method of Ref. 17 is 

satisfactory for incidence up to 15 deg before the occurrence 

of nose separation and from the nose down to the location 

where the crossflow separation is known to occur. 

. Two separation regions, namely the nose separation bubble 

(region I) and the crossflow separation zone (enclosed by 

leeside separation sheets or region II), are shown to exist 

simultaneously. 

. By oil flow visualization, a pair of concentrated vortices are 

found for incidence of 15 deg or greater and Mach numbers 

between 0.8 and 1.4. Therefore, a circulatory surface flow 

pattern (in counterclockwise direction on the left side of the 

plane of symmetry when facing upstream) prevails on the 

leeside of the forebody near the nose. 

. The measured normal-force distribution at far downstream of 

the hemisphere-cylinder does not agree satisfactorily with 

the crossflow drag computation given by Ref. I for incidence 

greater than 10 deg. Because of the flow separation at the 

nose, a local drop of lift distribution at the junction of the 

2? 
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hemisphere and the cylinder is shown. The measured aero- 

dynamic coefficients for the total normal force, axial force, 

and center of pressure show a stronger influence of free- 

stream Mach number than the predicted values using the cross- 

flow drag model of Ref. I. 

The separated flow field as described herein for the hemisphere- 

cylinder can also occur on bodies with blunt nose of different config- 

urations at incidence. 

/ 

, ~  2. 
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APPENDIX B 
INTEGRATION OF SURFACE PRESSURE FOR 

AERODYNAMIC COEFFICIENTS 

The aerodynamic coefficients may be obtained from pressure data. 

In order to improve the accuracy, curve fitting, using least square fit, 

was first carried out and then integration was performed using the 

fitted curves instead of the data, which are not uniformly spaced. A 

brief description of the curve fitting and the integration is given in 

the following: 

I. Curve fitting. In the nose portion, least square curve 

fitting was carried out with respect to e first using Cp 

values at orifice No. 2 (8 = 0), 3 (e = 43 deg), 4 (e = 73 

deg), and 5 (8 = 90 deg). In addition, a stagnation pressure 

Cp is located at 8 with 
s 

s 

O = -8 for 0 <- 
s 2 

where 

and also 

= B for ~ >~ 

-I sin 
8 = tan (' ) 

4cos2a + tan2O 

~CP20 I = 0 is imposed. 

0=8 

(BI) 

(B2) 

Next, curve fitting with respect to ~ was carried out with ~ = 0, 

30, 60, 75, 90, 105, 135, and 180 deg for a constant 0. In addition, 

the symmetry condition is imposed 

OC 
P -- 0 at ~ = 0 and ~ (B3) 
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The above scheme of curve fitting in ~ was also used for the cylinder 

portion. 

. Integration for aerodynamic coefficients. With all the fitted 

Cp curves, the integration for the drag coefficient can be 

obtained by 

~/2 
2 

C d = ~ f fCp (O,~) sin e cos Gd~de (B4) 
0 0 

and sectional normal-force coefficient is given by 

C 2 ~/2 
n = ~ f f Cp (0,~) sin 2 ~ cos '~d~d6 

0 0 

for the nose portion and 

2 
Cn =--~ f Cp (~) cos ~d~ 

0 

(B5) 

(B6) 

for the cylinder portion. 

The above integration for sectional normal-force coefficient was 

carried out at he = 5 deg for the nose portion and at each (Z/R) station 

where data were taken. The integration for total normal-force coeffi- 

cient and center of pressure are given as follows: 

L/R 

CN= I C n d(~) 

0 

(B7) 

and 

L/R 

CM = I C n (~)d(~) (B8) 

0 

C M 

(Z/R)c'P' = CNN (B9) 
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where L is the total length of the body and £ is the distance from the 

nose at each station. A computer program was written to perform the 

above integration. 
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APPENDIX C 
A BRIEF REVIEW OF PREDICTION METHODS FOR 

AERODYNAMIC COEFFICIENTS FOR BODY OF REVOLUTION 
AT LARGE INCIDENCE 

o 

C.1 THEORETICAL MODELS 

Because of the complexity of the flow field involved, the 

theoretical prediction method for the aerodynamic coefficients for a 

missile-type body of revolution at large incidence is far from satis- 

factory. A brief review of current available prediction methods is 

presented in this section. 

Among the published theoretical prediction methods, the fundamental 

models used can be classified into three categories, namely: (I) cross- 

flow drag model, (II) vortex model, and (III) numerical solution to the 

approximate Navier-Stokes equation. Current development of each cate- 

gory is discussed as follows: 

(I) Crossflow drag model - The development of this model can be 

found in Ref. I. The idea is that a crossflow llft attributed to flow 

separation is directly added to the lift predicted by slender body 

potential theory. The crossflow lift in turn may be expressed by a drag 

coefficient. The crossflow drag coefficient has since been studied in 

detail to cover a large range of Reynolds number, Mach number, and body 

geometry, etc. (Ref. C-I). Impulsive flow analogy for unsteady drag 

h~s also been applied with limited success (Ref. C-2). 

This model, because of its empirical nature, is very easy to use 

and has been applied to predict aerodynamic coefficients for a missile- 

type body from 0- to 180-deg incidence and has been shown to be in good 

agreement with experimental data (note: not so satisfactory for the 

axial force, see Ref. I). The defects of this model are (I) it depends 

heavily on experimental information, therefore, for a body geometry or 
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flow condition which has not been tested, the prediction can fail. As 

an example, the predicted aerodynamic coefficients for the hemisphere- 

cylinder discussed in the main text are not satisfactory, and (2) this 

model does not provide any information about the flow field around the 

body, hence, the effects of wings or other appendages added to the body 

for design purpose are not known. 

(II) Vortex model - The development of a vortex model is a result 

of experimental observation. For a slender body of revolution (or the 

nose not too blunt), the changes in the leeside flow patterns may be 

described in the following sequences as shown in Fig. C-I. At low 

incidence, ~ < 20 deg, a pair of steady symmetric vortices prevails, (see 

Fig. C-la). At moderate incidence, 20 deg ~ ~ ~ 50 deg, vortex shedding 

becomes asymmetric with two or more vortex cores as shown in Fig. C-lb. 

At still higher incidences, 50 deg ~ ~ < 70 deg, the asymmetrical vortex 

sheddings become unsteady with the location of vortex cores randomly 

changing with time, (see Fig. C-Ic). Finally, for 70 deg ~ ~ + 90 deg, 

the leeside flow field may be described by a turbulent wake as shown in 

Fig. C-Id. The vortex model is an attempt to simulate the leeside flow 

field by incompressible vortices in the crossflow plane and compute the 

force introduced by the vortices on the body. 

There are two types of vortex models that can be distinguished as 

follows: 

(a) Vortex model for replacing the crossflow drag - This model 

replaces the empirical crossflow drag of model (I) by a pair 

of concentrated vortices as was done in Refs. C-3, C-4, and 

Ref. 19, or pairs of vortices (multlvortex) as was done in 

Ref. C-5. The lift as predicted by the slender potential 

theory is still maintained. The strength of the vortex or 

vortices is determined by satisfying the Kutta condition and 

the point of separation is considered to be given by experi- 
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(b) 

ment or other theoretical means. By using the impulsive flow 

analogy, the position and strength of the vortices can be 

computed for each axial station along the body. Both the 

concentrated and the multivortex model have been modified to 

account for asymmetrical vortex shedding at high incidences 

(up to 50 deg) in Refs. C-6 and C-7. In Ref. C-7, the com- 

pressibility effect is accounted for through Gothert's rule. 

The improvement of this vortex model over the crossflow model 

is that it gives some feeling about the flow field around the 

body. The disadvantage is that to establish the flow separa- 

tion location can be as difficult as obtaining the aerodynamic 

forces experimentally or theoretically. 

Diffusive vortex model - This model is developed in Ref. C-8. 

The assumptions are (i) the three-dlmensional, incompressible 

steady flow is equivalent to the two-dimensional, incompressible 

unsteady flow (like impulsive flow), and (ii) in the two- 

dimensional crossflow plane the leeside flow field may be 

represented by a distribution of inviscld point vortices 

superimposed on the unseparated potential flow solution. The 

strength and separation location for the pointed vortices are 

provided by unsteady two-dimensional, laminar boundary-layer 

calculation and a diffusion model is added to the point vortices. 

In addition, a rear shear layer at the rear of the cylinder in 

the absence of the boundary layer is introduced to satisfy the 

nonslip condition there. Hence, the nonslip condition is 

satisfied on the body surface in the crossflow plane (but not 

in the axial direction). Forces acting on the body are obtained 

by the integrating of pressure distribution over the body. 

Despite the complexities involved in the computation of this 

method, a final empirical adjustment of the wake vortex 

strength may be required to provide good comparison with 
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experimental data. This method is valid for incompressible or 

low subsonic flow only and restricted to symmetric vortex 

shedding. 

(III) Numerical solution to the approximate Navier-Stokes equation - 

Two approaches along the line of solving approximate Navier-Stokes 

equations are described as follows: 

' (a) Application of equivalence principle. The equivalence prin- 

ciple in Ref. C-9 is similar to the assumption (i) of the 

diffusive vortex model (IIb), or the steady motion of a viscous, 

compressible fluid in three dimensions is equivalent to time- 

dependent viscous, compressible flow in two dimensions (Ref. 

C-9). The time-dependent, two-dimensional, compressible 

Navier-Stokes equations are then solved numerically in the 

crossflow plane (instead of using the diffusive vortex model 

as in Ref. C-8) for a circular section varying with time. 

Good comparison for surface pressure between theory and 

experiments has been reported in Ref. C-9 for an ogive-cylinder 

at ~ = 10 deg and M = 1.98. How well this prediction method 

might be for higher incidence or arbitrary Mach number has not 

been investigated. The weak point of this method is that the 

theoretical grounds for the equivalence principle are not 

sound. 

(b) A solution to the compressible, three-dimensional Navier- 

Stokes equations by neglecting the viscous, streamwise terms 

has been reported for pointed and blunt nose cone in Refs. 

C-I0 and C-11. Good agreement of surface pressure between 

theory and experiment is obtained for incidence up to 15 deg, 

at a Mach number greater than 6 and a Reynolds number in the 

order of 106/ft. This method, however, is restricted to cone 

shape bodies only and for M > 3. It has not been tested for 

incidence higher than 15 deg. The approximation of neglecting 
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the viscous, streamwise terms can be a serious restriction to 

the range of applicability in the aspect of incidence, Mach 

number, and nose geometry. 

C.2 COMMENTS 

From the brief description of the available theoretical models in 

Section C.I, some comments about these theories as applied to the 

hemisphere-cylinder case, or more generally a blunt nose body of revolu- 

tion, may be made. The comparison of the crossflow drag model (I) has 

been described in the main text and is found to be unsatisfactory in the 

transonic flow regime for ~ > 10 deg. The reasons may be twofold, (I) 

the insufficient data base for determination of crossflow drag coeffi- 

cient at the transonic regime and (2) the inaccuracy of the lift pre- 

dicted by slender body potential theory in the transonic regime and for 

blunt nose bodies. 

The vortex model of lla has been applied to a hemisphere-cylinder 

and other blunt nose bodies in incompressible flow as given in Ref. 19. 

Generally, the results are only good qualitatively. Since this model 

requires information of separation angle in the crossflow plane, as 

shown in Fig. 17, the influence of Mach number and incidence is signi- 

ficant for a blunt body in the transonic flow regime and such information 

is just as difficult to obtain as the direct measurement or calculation 

of the force and moment, hence, it is not so convenient to apply. 

However, the method of Ref. C-7 may be promising. In Ref. C-7, a set 

of empirical constants was used in the computation, and the author found 

that the results were not too sensitive to the input of separation 

angle. Therefore, if sets of empirical constants can be determined for 

certain categories of body geometries, flow conditions, and incidence 

ranges, this method may serve a good purpose for engineering application. 

112 



AEDC-TR-76-112 

The assumption that three-dimensional steady flow is equivalent to 

time-dependent, two-dimensional flow is without theoretical basis and 

can only be considered as semi-empirical. For blunt nose bodies in the 

Mach number range studied in this report, two separation regions can 

exist simultaneously in the three-dimensional steady flow; it is impos- 

sible for a two-dimensional unsteady flow as such to depict correctly 

the physical situation. Therefore, such assumption must be made with 

great caution. 

The appearance of bubble-type separation at the nose and the con- 

centrated vortices on the leeside forebody also rule out the assumption 

of neglecting the viscous, streamwise terms in an attempt of solving 

Navier-Stokes equations for the flow field of blunt nose bodies of 

revolution at incidences. 

From the above discussion, a satisfactory prediction method is 

still not available at this time, particularly for blunt nose bodies of 

revolution at large incidence. The flow field for the hemisphere- 

cylinder investigated in this report will serve as a guide for future 

development of the prediction method. 

C-1. 
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U°D U¢o 

SEPARATION 

~ / ~ - / - / ~  FEEDING 
SHEET -- ~ 

a. a < 20, symmetrical 
vortex shedding 

b. 20 ~< a ~< 50, asymmetrical 
vortex shedding 

. ~  .,,....I U~ ~ Uoo 

c. 50 ~< a ~< 70, random switching of d. a > 70, turbulent wake 
asymmetrical vortex shedding 

Figure C-1. 
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NOMENCLATURE 

C A 

C 
n 

C N 

Cp 

Fa,F N 

M 

R 

Re 

Axial-force (forebody only) coefficient, 

Fa/~ U 2(~R2) 

Local normal force per unit length 

Total normal-force coefficient, 
I 2 2 

FN/~U ~ (~R) 

] 2 
Pressure coefficient, (p - p=)/~ U 

Axial and normal force, respectively 

Mach number 

Radius of cylinder 

Reynolds number 

SI,S 2 

u,v 

Primary and secondary separation points, respectively 

Axial and radial (vertical) velocity components 

VI,V2,V 3 

Y,Z 

~ossible appearance of vortices 

Radial (or vertical) and axial distance 

(ZIR)c.p. Location of center of pressure from nosetip 

Angle of attack, deg 

~s 

Circumferential angle~starting from-leeside-~plane-of~symmetry 

Angle of separation in the crbssflow plane 

Shock standoff distance 
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SUBSCRIPT 

= Condition at free stream 

P For small entrained particles in the fluid medium 
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